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Abstract 
The purpose of this study is to investigate the applicability of a number of nondestructive 
methods for evaluating the deterioration around reinforcing bars due to corrosion in 
reinforced concrete members. In the experiments conducted in this study, a number of 
specimens with different bond conditions around the reinforcing bar were used to investigate 
the relationship between the bonding force determined by pull-out testing and the results of 
nondestructive tests. The ultrasonic method and the electromagnetic pulse method were used. 
This study confirmed that the changes in bonding force were similar to the changes in 
wave velocity measured by the ultrasonic method and the wave energy measured by the 
electromagnetic pulse method. Unlike wave velocity, wave energy is an effective parameter 
for the evaluation of the bond condition before corrosion cracking at the concrete surface. 
 
Résumé 
Le but de cette étude est d'examiner l'applicabilité de méthodes d’évaluation non 
destructives de la dégradation du voisinage des barres de renforcement des poutres en béton 
armé due à la corrosion. Lors des expériences menées dans ce travail, des conditions 
différentes de solidarité des armatures ont été utilisées pour étudier la relation entre la force 
de liaison (déterminée par des essais de traction) et les résultats des tests non destructifs. Une 
méthode ultrasonore et une méthode impulsionnelle électromagnétique ont été utilisées. 
Cette étude a confirmé que les changements dans la force de liaison sont similaires aux 
changements de la vitesse de propagation de l’onde ultrasonore et aux changements de 
l'énergie de l’onde électromagnétique. Contrairement à la vitesse des ondes ultrasonores, 
l'énergie de l’impulsion électromagnétique permet d'évaluer la liaison avant l’apparition à la 
surface du béton de fissures dues à la corrosion. 
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1  Introduction 
The Standard Specifications for Design and Construction of Concrete Structures 
(Maintenance) of the Japan Society of Civil Engineers divides the deterioration process of a 
structure due to chloride-induced corrosion of steel reinforcing bars into four stages, namely, 
the latency period, propagation period, acceleration period and the deterioration period. As 
chloride ions reach a reinforcing bar, the steel bar begins to corrode. With the progress of 
corrosion, rust forms on the steel bar, and the bond strength at the steel–concrete interface 
decreases. With further progress of steel corrosion, the expansion pressure due to rust causes 
cracking around the reinforcing bar. As this cracking continues, rust-induced cracks reach the 
concrete surface so that the occurrence of cracking can be visually observed. In this 
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corrosion-induced deterioration process, the bond condition at the steel–concrete interface 
changes considerably. Such changes in the bond condition at the interface also cause the 
load-carrying capacity and durability of the reinforced concrete member to decrease. In order 
to perform proper maintenance, therefore, it is desirable that the bond condition at the steel–
concrete interface be evaluated, before corrosion-induced cracks occur at the concrete 
surface, by proper nondestructive testing without damaging the structure. 
In this study, test specimens with varied conditions of bond at the steel–concrete interface, 
which were created by means of electrolytic corrosion, were used to evaluate the relationship 
between the bond strength determined by pull-out testing and the results of various 
nondestructive tests. 
2  Outline of tests 
2.1 Test  specimens 
Figure 1 shows a test specimen used in this study. The concrete section is 113 mm wide, 
113 mm high and 326 mm long. The reinforcing bar used is a round steel bar (SS400) with a 
diameter of 13 mm. In view of the need to conduct pull-out tests, the length of the loading jig 
section and the length of the displacement measurement section were set to 400 mm and 5 
mm, respectively, and the reinforcing bar position was adjusted so that the specified lengths 
of the bar protruded from each end of the concrete section. The concrete cover was 50 mm. 
Table 1 shows the mixture proportions of the concrete. 
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113
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D13
Displacement  
measurement section  Loading jig section 
Reinforcing bar  Concrete  [Unit: mm]
Figure 1. Test  specimen   
Table 1. Mixture proportions of concrete 
Concrete of material (kg/m
3) 
 
W/C 
(%) 
s/a 
(%)  W C S G  Admixture 
57 44.8  168 295 796  1007 3.13 
2.2  Electrolytic corrosion test 
An electrolytic corrosion test was conducted to accelerate steel corrosion. Fig.2 illustrates 
the electrolytic corrosion test. In the test, the specimen was immersed in a 5% salt solution, 
and constant electric current was applied to the specimen. The displacement measurement 
section (length of protrusion: 5 mm) of the reinforcing bar was coated to prevent rusting. A 
total of eight specimens with different cumulative amounts of electric current were prepared 
to vary the state of the steel–concrete interface. The first specimen was made by applying 
electric current to the reinforcing bar until the occurrence of corrosion cracking at the 
concrete surface was observed. The cumulative amount of electric current at that point was 
22.8 A·hr. This value was used as the reference level, and five specimens were made by using 
    
   NDTCE’09, Non-Destructive Testing in Civil Engineering   
  Nantes, France, June 30th – July 3rd, 2009   
 
 
a smaller cumulative amount of electric current, and two specimens were prepared by using a 
greater cumulative amount of electric current. Table 2 shows the cumulative amount of 
electric current used to prepare each specimen. In the table, the cumulative amount of electric 
current of 0 A·hr corresponds to a sound specimen. 
 
Reinforcing bar
Electronic  
power supply 
Concrete 
Metal mesh 
5% salt solution 
Coat to prevent rusting 
Figure 2.  Electrolytic corrosion test
 
Table 2. Cumulative amount of electric current 
Specimen Sound Before corrosion  
cracking occur 
Occurrence of 
corrosion cracking 
After corrosion 
cracking occur 
Cumulative 
amount of electric 
current (A·hr) 
0 5.0  7.4  12.0  15.0  22.8  28.3 50.0 
 
 
A pull-out test was conducted to investigate changes in the bond condition at the steel–
concrete interface due to corrosion. Fig.3 shows the setup for the test. The test was conducted 
in accordance with the JSCE standard (JSCE-G 503). A hydraulic jack (capacity: 100 kN) 
was used for loading, and loading was performed at a constant rate not higher than 5 kN/min. 
The slip of the reinforcing bar was measured with a displacement transducer (sensitivity: 
1/500 mm) installed on the reinforcing bar protrusion at the free end. Loads were applied 
while observing changes in displacement. 
 
Displacement transducer 
Specimen 
Loading plate 
Load cell 
Hydraulic jack 
   Figure 3.  Setup for pull-out test 
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 effect of the corrosion of the reinforcing bar in the specimen on 
the steel–concrete interface. 
2.3.1 Ultrasonic  method 
 The acoustic emission sensor was installed so as to prevent 
interference with the cracks. 
 at the steel interface at the stage before corrosion cracking of the concrete 
surface occurred. 
 
 
2.3  Various nondestructive tests 
The nondestructive tests listed below were conducted before and after the electrolytic 
corrosion test to evaluate the
250 
56.5
56.5 AE sensor 
Specime [Unit: mm] 
 
For the measurement of the wave velocity, an acoustic emission measurement system 
capable of recording waveforms and an acoustic emission sensor (resonance frequency: 140 
kHz) were used. In this measurement method, a distance between sensors of 250 mm at the 
concrete surface directly over the reinforcing bar was used, and the wave velocity in the 
longitudinal direction of the concrete section was measured (see Fig.4). In the wave velocity 
measurement of the specimens for which the occurrence of corrosion-induced side-surface 
cracking was observed, the ultrasonic measurement was conducted on the surface at which 
corrosion cracking occurred.
2.3.2  Electromagnetic pulse generation and elastic wave reception method 
According to the authors' previous study [1], it may be possible to evaluate the unbonding 
of the concrete and the reinforcing bar by using the method based on electromagnetic pulse 
generation and elastic wave reception (hereinafter referred to as the "electromagnetic pulse 
method"). In this study, therefore, the electromagnetic pulse method was used to investigate 
the bond condition
n 
AE sensor 
Measurement outline of electromagnetic pulse method
5
6
.
5
 
Figure 4. Measurement outline of ultrasonic method 
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  Figure 5. 
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Figure 5 shows the setup for the measurement. The magnetic coil used to vibrate the 
reinforcing bar was installed over the reinforcing bar at a distance of 20 mm from the 
concrete surface (i.e., not in contact with the concrete) so that the magnetic flux lines became 
parallel with the longitudinal direction of the reinforcing bar. The sensor was attached to the 
concrete surface of the specimen so that the center of the sensor was aligned with the center 
of the coil (see Fig.5). The sensor used is a 60 kHz resonance type acoustic emission sensor. 
For the specimens in which corrosion-induced side-surface cracking occurred, the coil was 
installed on the cracked surface. 
3  Test results and discussion 
3.1 Pull-out  test 
Figure 6 shows the relationship between the cumulative amount of electric current and the 
maximum bonding force ratio. For the purposes of this study, the measured maximum load 
obtained from a sound specimen (cumulative amount of electric current: 0 A·hr) was assumed 
to be 1, and the maximum bonding force ratio was defined as the ratio of the maximum load 
obtained from each specimen with a different cumulative amount of electric current to the 
maximum load from the sound specimen. The dash–dot line shown in Figure 4 indicates the 
cumulative amount of electric current at the time when corrosion cracking was observed on 
the concrete surface. As shown, before the corrosion cracking occurred, the maximum 
bonding force was mostly showing an increasing trend. The reason for this is thought to be 
that the corrosion products resisted slip [2], [3]. After that, when the corrosion cracking 
occurred, the constraining force around the reinforcing bar decreased until the maximum 
bonding force decreased to a level roughly the same as that of the sound specimen. As the 
cumulative amount of electric current increased further, the resistance to the slip of the 
reinforcing bar decreased sharply until the maximum bonding force decreased to a level 
corresponding to about 60 percent of the maximum bonding force of the sound specimen. 
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Figure 6.  Relationship between cumulative amount of 
electric current and maximum bonding force ratio   
3.2  Nondestructive test methods 
3.2.1 Ultrasonic  method 
Figure 7 shows the relationship between the cumulative amount of electric current and the 
ratio between the elastic wave velocity before and after electrolytic corrosion test, together 
with the maximum bonding force ratio and the cumulative amount of electric current when 
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corrosion cracking occurred. In the figure, the wave velocity ratio was defined as the ratio of 
the wave velocity for a specimen with a different cumulative amount of electric current to 
that for the sound specimen. 
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As shown, in the specimens in which corrosion cracking occurred at the concrete surface 
(specimens with cumulative amounts of electric current of 5.0 to 15.0 A·hr), the wave 
velocity is about 5 percent higher than that in the sound specimen. After corrosion cracking 
occurred, the wave velocity decreased. This is thought to be because of corrosion cracking at 
the concrete surface. It is thought likely that after corrosion cracking began to occur, it 
occurred on the propagation route of elastic waves so that the wave velocity decreased 
considerably. It can also been seen that the maximum bonding force, too, decreased after 
corrosion cracking occurred. It can be seen, therefore, that in the range where the maximum 
bonding force ratio decreases after corrosion cracking occurs, the wave velocity shows a 
tendency to decrease. This indicates that within the scope of this study, the maximum 
bonding force ratio and the wave velocity ratio are correlated. 
Figure 7.   Relationship between wave velocity 
ratio and maximum bonding force ratio 
3.2.2  Electromagnetic pulse method 
Figure 8 shows the relationship between the cumulative amount of electric current and the 
wave energy ratio. The wave energy ratio shown in the figure is the ratio of the square sum of 
the amplitudes of the voltage waves received by the sensor to the wave area of the voltage 
applied to the magnetic coil. Fig.8 also shows the maximum bonding force ratio and the 
cumulative amount of electric current at the time when cracking occurs. As shown, before 
corrosion cracking occurred at the surface of the specimen, the wave energy increased as the 
cumulative amount of electric current increased. Generally, corrosion products are generated 
at the concrete–steel interface before corrosion cracking occurs at the concrete surface. It is 
thought, therefore, that at this point in time, the reinforcing bar is being constrained by the 
interlocking effect of rust and expansion pressure due to corrosion. According to the results 
of the authors' study [1] conducted by using the electromagnetic pulse method, when the 
reinforcing bar is constrained by concrete, the amount of wave energy received by a sensor is 
greater than when the reinforcing bar is not constrained. It can be inferred, therefore, that 
increases in wave energy before corrosion cracking are caused mainly by the interlocking 
effect of rust and expansion pressure resulting from the corrosion of the reinforcing bar. 
These results indicate that by using the electromagnetic pulse method, it may be possible to 
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identify changes in the state of the concrete–steel interface due to corrosion before the 
occurrence of corrosion cracking at the concrete surface. 
Corrosion cracking occurs
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Figure 8.  Relationship between wave energy 
ratio and maximum bonding force ratio   
 
As shown, after the occurrence of corrosion cracking, the wave energy decreased. This is 
thought to be because the constraining force acting on the reinforcing bar was released as a 
result of cracking. 
Comparison of the wave energy and the maximum bonding force in Fig.8 reveals that 
although their values are different, their changes relative to the cumulative amount of electric 
current show similar trends. 
4  Conclusions 
The conclusions drawn from this study are as follows: 
1. This study has shown that there are fairly strong correlations between bonding force 
changes that indicate changes in the concrete–steel bond condition and changes in the 
elastic wave velocity and the wave energy obtained by the electromagnetic pulse method. 
2. It has been confirmed that changes in elastic wave velocity become clearly discernible 
because of the occurrence and propagation of corrosion-induced cracks. 
3. The wave energy determined by the electromagnetic pulse method is sufficiently sensitive 
before the occurrence of corrosion cracking when the sensitivity of wave velocity 
decreases. This is thought to indicate that the electromagnetic pulse method can be used 
for the evaluation of changes in the bond condition before the occurrence of bond splitting. 
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